Quantum systems that consist of solid-state electronic spins can be sensitive detectors of nuclear magnetic resonance (NMR) signals, particularly from very small samples. For example, nitrogenvacancy centres in diamond have been used to record NMR signals from nanometre-scale samples [1][2][3] , with sensitivity sufficient to detect the magnetic field produced by a single protein 4 . However, the best reported spectral resolution for NMR of molecules using nitrogenvacancy centres is about 100 hertz
) and small chemical shifts (which require a resolution of around one part per million of the nuclear Larmor frequency). Conventional, inductively detected NMR can provide the necessary high spectral resolution, but its limited sensitivity typically requires millimetre-scale samples, precluding applications that involve smaller samples, such as picolitre-volume chemical analysis or correlated optical and NMR microscopy. Here we demonstrate a measurement technique that uses a solid-state spin sensor (a magnetometer) consisting of an ensemble of nitrogen-vacancy centres in combination with a narrowband synchronized readout protocol 7-9 to obtain NMR spectral resolution of about one hertz. We use this technique to observe NMR scalar couplings in a micrometre-scale sample volume of approximately ten picolitres. We also use the ensemble of nitrogen-vacancy centres to apply NMR to thermally polarized nuclear spins and resolve chemicalshift spectra from small molecules. Our technique enables analytical NMR spectroscopy at the scale of single cells.
In recent years, optically probed nitrogen-vacancy (NV) centres in diamond have become the leading modality for magnetic sensing at short length scales (nanometres to micrometres) under ambient conditions, with wide-ranging application in the physical and life sciences 10 . So far, two key challenges have limited the spectral resolution of NMR detection using NV centres (NV-NMR). First, NV-NMR has been demonstrated only in nanometre-scale measurement volumes, in which the thermal (Boltzmann) spin polarization is too small to observe, but statistical fluctuations in the spin polarization 11 are large and easily detected 12 . However, such nanometre-scale samples have short, diffusion-limited spin-noise correlation times that give rise to broad NMR spectral lines (typically much broader than 1 kHz) 13 . Second, the interrogation duration for NV-NMR detection techniques has generally been limited by the spin-state lifetime of the NV centre (T 1 ≈ 3 ms), which is orders of magnitude shorter than the coherence times of nuclear spins in bulk liquid samples (T 2 ≈ 1 s). Recent studies have shown that quantum memories can greatly extend the useful NV spin lifetime 14, 15 . Nonetheless, such techniques have unfavourable sensitivity scaling with spectral resolution, η ∝ (Δ f)
, because the NV probe must be in a non-interacting state while the memory is active 5 , and are still fundamentally limited by spin diffusion in the sample when applied at the nanometre scale. Here, we address these challenges and achieve an NV-NMR spectral resolution of around 1 Hz by: (i) probing micrometre-scale measurement volumes to obtain a signal that is domi nated by the thermal spin polarization, which is not limited by diffusion; and (ii) using a synchronized readout protocol to sense NMR signals coherently for an arbitrary duration (up to around 10 3 s). We first present a sensitive (η B = 30 pT Hz −1/2 ; Extended Data Fig. 1 ) NV-ensemble magnetometer, which is designed to detect NMR signals from the thermal spin polarization of a micrometre-scale sample. The sensor volume consists of the overlap region between a 13-μ m-thick NV-doped layer at the diamond surface and a 20-μ mdiameter optical excitation beam (Fig. 1a) . To motivate this sensor geometry, we consider a single NV centre, located at a depth d NV below the diamond surface, and a liquid sample that consists of a half-space of Larmor-precessing spins above the surface. For the NV-NMR signal due to the thermal spin polarization of the sample to dominate the noise from magnetic fluctuations of the sample, d NV must be greater than about 3 μ m (Supplementary Note 2). On the other hand, the effective measurement volume for the thermally polarized sample increases as d NV 3 (Fig. 1a inset) . Our sensor design, with a mean NV-centre depth of = . μ d 6 5 m NV , realizes a compromise between (i) being insensitive to broadband magnetic noise caused by rapid near-surface spin fluctuations, and (ii) maintaining a small effective NMR measurement volume of about 10 picolitres (Extended Data Fig. 3) .
Interrogation of the NV-ensemble sensor using a coherently averaged synchronized readout (CASR) scheme 7 provides the spectral selectivity that is needed for molecular NMR spectroscopy. The CASR protocol (Fig. 1b) consists of concatenated NV magnetometry pulse sequences, interspersed with projective NV spin-state readouts, all synchronized to an external clock. In the limit of weak coupling between the NV centres and the signal source, the NV measurement back-action is small and does not lead to direct dephasing of the spins in the sample (Extended Data  Fig. 4 ). The detector line width is then limited only by technical effects (such as gradients in the bias magnetic field B 0 ) and the stability of the clock. Crucially, because our sensor is optimized to detect the thermal spin polarization, the phase of the NMR signal can be made identical over repetitions of the CASR protocol by the application of an initial π /2 pulse to the nuclear spins at time t = 0, which enables coherent signal averaging. (Incoherent averaging of synchronized readout measurements is also possible, but leads to poor sensitivity scaling; see Supplementary Note 5.) To characterize the spectral-resolution limit of the synchronized readout pulse sequences due to our timing source, we applied an oscillating magnetic signal consisting of three closely spaced frequencies using a nearby coil antenna, and measured it using CASR. We observed line widths of 0.4 mHz (Extended Data Fig. 5 ), which is several orders of magnitude better resolution than necessary for identifying molecular NMR signatures such as scalar couplings ('J-couplings') and chemical shifts.
We performed initial CASR NMR measurements using a sample of glycerol (C 3 H 8 O 3 ) molecules (Fig. 2a) . The NV-ensemble sensor was placed in a cuvette filled with glycerol and aligned in the bias field Letter reSeArCH (B 0 = 88 mT) of a feedback-stabilized electromagnet. A resonant π /2 pulse was applied to tip the thermally polarized proton spins in the sample into the transverse plane of the Bloch sphere. The free-nuclear-precession (FNP) signal of the proton (equivalent to the free-induction-decay signal in conventional NMR) was then measured using a CASR sequence. Near the end of this sequence, after the spins in the sample were fully dephased, we used a coil antenna to apply a calibrated oscillating-magnetic-field pulse. A comparison of the integrated peak intensities of the glycerol NMR and the coil pulse signals in the CASR amplitude spectrum (Fig. 2a inset) yielded an initial glycerol proton FNP amplitude of 95 ± 8 pT (1σ, for n = 3 measurements), which is approximately consistent with calculations (Supplementary Note 2). To exclude the possibility of a spurious detection associated with room noise or sensor imperfections, we swept B 0 over a range of 0.02 mT (in steps of approximately 0.005 mT) and repeated the CASR FNP experiment at each value. A linear fit to the resulting NMR frequencies gives the correct value for the proton gyromagnetic ratio (Fig.  2b) .
To assess the spectral resolution limits of NMR detection using CASR spectroscopy, we measured a sample of pure water (T 2 , T 1 > 2 s; ref. 16). The resulting NMR signal line width (quoted as the full-width at half-maximum, FWHM) is 9 ± 1 Hz (Fig. 2c) , which we attribute to micrometre-scale magnetic gradients from susceptibility differences between sensor components (Extended Data Fig. 6 ). Gradient-induced spectral broadening is commonly observed in submicrolitre-volume NMR spectroscopy with microcoils 17,18 and can be mitigated by improving susceptibility matching in the sensor design 19 . Applying π pulses to the protons to refocus the gradient-induced dephasing (that is, CASR spin-echo) narrowed the NMR signal line width to 2.8 Hz (FWHM; Fig. 2c ), in agreement with the distribution of temporal fluctuations in B 0 that were recorded during the experiment (Extended Data Fig. 2 ). We experimentally investigated sensor-induced sample dephasing due to spatially inhomogeneous interactions with the NV spins and/or the microwaves used to manipulate the NV centres; neither effect contributed substantially to the measured NMR signal line width (Supplementary Data 7) .
To Figure 1 | NV-ensemble sensor for CASR NMR. a, Geometry of the NVensemble sensor. The sensor consists of an NV-centre layer approximately 13 μ m thick at the surface of a diamond chip, which is probed by a green laser (532-nm excitation wavelength) with a beam diameter of about 20 μ m. The sensor detects NMR from the thermally polarized fraction (dark blue arrows) of the total nuclear spin population of the sample (light blue arrows). Sample spins are resonantly driven and precess around the static bias field B 0 . NV centres at depths of d NV > 3 μ m (dotted horizontal line) are primarily sensitive to the thermal spin signal; shallower NV centres have signals that are dominated by statistical spin fluctuations. For an NV centre at depth d NV (such as that shown in the dashed circle), half of the NMR signal is due to sample spins in a hemisphere of radius r s < 2.4d NV (for r s indicated by the grey semicircle), which defines the effective sensing volume for that NV centre. The inset shows a numerical calculation of the fractional NMR signal amplitude that originates in a hemisphere of radius r s , normalized to the full NMR signal amplitude obtained when r s becomes much larger than d NV . b, Numerical simulation of CASR detection of an NMR FNP signal. The top row shows the oscillating magnetic field B(t) due to the precession of thermally polarized sample spins (blue) at frequency f. The middle row illustrates the CASR protocol. A π /2 pulse (black box) applied to the nuclear spins at time t = 0 initiates spin precession with a defined phase for coherent averaging. The protocol then consists of interspersed blocks of identical NV AC magnetometry pulse sequences with central frequency f 0 (grey boxes) and optical NV spin-state readouts (green boxes). These blocks are repeated at the synchronized readout cycle period τ SR . The bottom row shows the NV fluorescence over successive CASR readouts, which thus oscillates at δ f = f − f 0 . c, Probe geometry for NV-ensemble sensor. The sample is placed in a cuvette that surrounds the diamond chip. The measurement volume is defined by the totally internally reflected probe beam. Nuclear spins are driven by cylindrical coils above and below the diamond; the NV centres are driven by a wire antenna located at the diamond surface. Spin-statedependent fluorescence from NV centres is collected by a light guide and detected on a photodiode. The magnetic bias field B 0 is provided by a feedback-stabilized electromagnet (Extended Data Fig. 2 ).
Letter reSeArCH Fig. 3a) shows clearly resolved peaks due to the J-coupling between the protons and the spin-1/2 31 P nucleus, with a splitting of Δ f J ≈ 13 ± 1 Hz. The CASR NMR spectrum for xylene ( Fig. 3b) shows peaks split by 5.3 ± 0.5 p.p.m. (equivalent to a difference in chemical-shift frequency of Δ f CS ≈ 20 ± 2 Hz at our bias field), consistent with a previously reported 21 value for the chemical shift. The observed peak intensity ratio of about 2.2:1 in the xylene NMR power spectrum corresponds to the relative nuclear abundance of 6:4, with the protons in high-electron-density methyl groups shifted to lower frequency. The . The signal averaging time was 2.8 × 10 3 s per trace. c, Power spectra of CASR FNP measured from protons in glycerol (blue circles) and pure water (grey circles), as well as CASR spinecho measured from pure water (black circles); spectra are offset for clarity. The spectral resolution obtained with CASR FNP of glycerol is 30 ± 2 Hz (FWHM), as determined by least-squares fitting to a Lorentzian line shape (red line). The spectral resolution obtained from pure water is 9 ± 1 Hz (FWHM) with CASR FNP and 2.8 ± 0.3 Hz (FWHM) with CASR spin-echo. The signal averaging times were 7.2 × 10 4 s (glycerol FNP), 3.1 × 10 4 s (water FNP) and 3.9 × 10 4 s (water spin-echo). 
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CASR NMR spectrum for ethyl formate (Fig. 3c) is comparatively complex, owing to multiple chemical-shift constants and J-couplings that are all in the range 3-25 Hz. Because of the strong couplings, secondorder effects cause resonance lines to be split at higher multiplicities than typically observed in high-field NMR, bringing some spectral features close to our noise floor. Nevertheless, the CASR measurement shows good qualitative agreement with a spectrum calculated using molecular parameters estimated from standard (sample size of roughly 1 ml) high-field NMR (Extended Data Fig. 7 ). These measurements constitute a demonstration of NMR at picolitre-scale volumes with a spectral resolution that is sufficient to resolve molecular J-couplings and chemical shifts, and of NV-NMR for a thermally polarized sample.
CASR spectroscopy is not subject to the line-width limitations that are usually associated with the small values of T 1 and T 2 for NV spins. The NV-ensemble sensor detects thermal spin polarization without broadening, because the sample correlation time is not limited by diffusion. The combined technique thus provides a spectral resolution that is about two orders of magnitude better than that demonstrated previously with NV-NMR of molecules in liquid samples. Increasing B 0 from 88 mT to 3 T should improve the proton-number sensitivity and the chemical-shift resolution of the CASR sensor by more than an order of magnitude, while mitigating the spectral complexity that is associated with strong J-couplings at low field. Integration with microfluidics will provide more optimal matching of sample and measurement volumes to enable efficient NMR spectroscopy of mass-limited samples. It might also be possible to realize large increases in the sensitivity of CASR spectroscopy by using techniques proposed for diamond-based dynamic nuclear polarization 22, 23 . NV-ensemble CASR is well suited to micrometre-scale (picolitrescale) measurement volumes. With further improvements in sensitivity, the technique could enable NMR spectroscopy of small molecules and proteins at the single-cell level . Finally, although this work has focused on high-resolution NMR at the micrometre-scale, CASR is equally applicable to bulk, millimetre-sized NV-ensemble detectors (Supplementary Note 9), which could provide NMR concentration sensitivity comparable to that obtained using inductive microcoils in microlitre-scale measurement volumes (Extended Data Fig. 8 ). Bulk NV-ensemble sensors should be amenable to parallel operation, using an array of diamond chips with independent (cross-talk-free) optical readouts for each. This opens up the possibility of parallelized, high-throughput analytical NMR spectroscopy for concentration-limited samples.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. . The ensemble ⁎ T 2 dephasing time for NV centres in this diamond, measured using Ramsey spectroscopy, was ⁎ T 2 ≈ 750 ns. The NV-ensemble T 2 decoherence time, measured using a Hahn-echo sequence, was 6.5 μ s.
For NMR measurements, the diamond was cut so that the top face was perpendicular to the [100] crystal axis and the lateral faces were perpendicular to [110] . All four edges of the top face were then polished at 45° (Delaware Diamond Knives), resulting in a truncated square pyramid, with a top face area of 1 mm × 1 mm. This angle polishing allowed total internal reflection of the laser beam (see Fig. 1a ) to prevent direct illumination of the NMR sample. Excitation light was provided by a diode-pumped solid-state laser at 532 nm (Coherent Verdi G7), directed through an acousto-optic modulator (AOM) (IntraAction ASM802B47) to produce 5-μ s pulses. The first approximately 1 μ s of each pulse was used to optically read the spin state of the NV ensemble and the remainder of the pulse repolarized the NVs. The AOM was driven by a digitally synthesized 80-MHz sinusoid (Tektronix AWG 7122C), amplified to 33 dBm (Minicircuits ZHL-03-5WF), and the total laser power at the sensor volume was 150 mW. The laser was focused to an approximately 20-μ m-diameter waist near the position of the NV sensor layer, resulting in an optical intensity of 48 kW cm −2 (comparable to the typical NV saturation intensity I sat ≈ 100 kW cm
−2
). For all NMR experiments, the diamond was mounted by gluing (Epoxy Technology Inc., EPO-TEK 301) to a 3-mm glass prism (Thorlabs PS905) and placed inside a sample cuvette (FireflySci Type4 Microfluorescence Cuvette). The diamond was then rotated so that a [111] diamond crystal axis was aligned to the static bias magnetic field B 0 . NV centres aligned along this axis were used for sensing, whereas those along the other three NV magnetometry pulse sequences for magnetic resonance detection were carried out on the | m s = 0〉 → | m s = − 1〉 transition. Microwaves were delivered using a straight length of wire (0.25-mm diameter) positioned above the diamond, approximately 0.4 mm away from the NV sensing volume. The 400-MHz carrier frequency and the pulse modulation were both synthesized digitally (Tektronix AWG 7122C); pulses were then amplified to 40 dBm (Minicircuits ZHL-100W-52-S+ ) and coupled into the wire, yielding a NV Rabi frequency of f Ω = 5.6 MHz. (The maximum achievable NV Rabi frequency using the full output of the amplifier was f Ω = 16.6 MHz.) An XY8-4 or XY8-6 dynamical decoupling sequence was used to detect magnetic resonance signals selectively around 3.755 MHz, which is the proton Larmor frequency at B 0 = 88 mT. The phase of the final π /2 pulse of the sequence was optimized to give a fluorescence corresponding to a mixed state of the NV (that is, equal to the mean fluorescence over one Rabi oscillation), to make the fluorescence signal linearly sensitive to small magnetic-field amplitudes. For an ideal two-level quantum system, this condition would correspond to a 90° phase shift between the initial and final π /2 pulses; in practice, the small drive detunings associated with the 14 NV hyperfine structure required manual optimization of the phase. To reject laser intensity noise and microwave power fluctuations, the phase of the final π /2 pulse of every second synchronized readout magnetometry subsequence was shifted by 180° relative to the nominal value, and successive pairs of readouts were amplitude-subtracted. Thus, one synchronized readout time-series data point was recorded for every two magnetometry subsequences.
Spin-state-dependent fluorescence from the NV centres was collected with a glass (BK-7) light guide (Edmund Optics 5-mm Aperture, 120 mm L, Low NA Hexagonal Light Pipe) and delivered to a balanced photodiode module (Thorlabs PDB210A). To eliminate scatter from the excitation laser, an interference filter (Semrock BLP01-647R) was placed between the light guide and the detector. A small fraction of the excitation beam was split off upstream of the diamond chip and directed to the second channel of the balanced diode module. A glass slide mounted on a motorized stage (Thorlabs PRM1Z8) in the second path enabled automated re-balancing between averages during long synchronized readout signal acquisitions. When the NV centres were fully polarized in | m s = 0〉, the light-induced fluorescence signal produced a single-channel (unbalanced) photocurrent of 30 μ A. Immediately after applying a microwave π pulse, the single-channel photo current was 28 μ A, indicating a maximum fluorescence contrast of about 7%. The difference signal of the photodiode module (with onboard transimpedance gain of 1.75 × 10 5 V A −1
) was further amplified by 3 dB and low-pass-filtered at 1 MHz using a low-noise pre-amplifier unit , then recorded with a digital-to-analogue converter (DAQ) (National Instruments NI-USB 6281). The DAQ bandwidth was 750 kHz and the digitization was on-demand, triggered by a transistor-transistor logic (TTL) pulse from the arbitrary-waveform generator (AWG) used to control the experiment. The delay between the rising edges of the AOM gate pulse and the DAQ trigger was optimized for maximum spin-state-dependent fluorescence signal. Synchronized readout protocol and data analysis. The synchronized readout protocol, including CASR detection of NMR, consists of a series of repeated NV AC magnetometry subsequences, with each subsequence followed by a projective NV spin-state readout. The protocol is defined with respect to a particular central frequency f 0 . The repeated AC magnetometry subsequences are all identical, each consisting of an initial π /2 pulse, followed by a train of π pulses applied at a rate of 2f 0 , and ending with another π /2 pulse. The initial and final π /2 pulses are chosen to have a relative phase shift, such that the final NV spin population is linearly dependent on the amplitude of the oscillating magnetic-field signal. (The choice of linear, rather than quadratic, dependence of the final NV population on magnetic field strength is important for minimizing sensitivity to noise due to sample fluctuations and diffusion; see Supplementary Note 10). At every synchronized readout step, the accumulated NV spin population is measured via spin-state-dependent fluorescence and the NV spin is optically repolarized. The delay between the start of successive magnetometry subsequences in the synchronized readout protocol is an integer number k of periods at the central frequency, τ SR = k/f 0 . The range of signal frequencies f that can be detected without aliasing is therefore given by f 0 ± 1/(2τ SR ).
In the experiments described here, the synchronized readout cycle period τ SR , the reciprocal central synchronized readout detection frequency 1/f 0 = 1/(3.74065 MHz) = 267.3 ns, and the reciprocal NV drive frequency 1/f NV-Larmor = 1/(400 MHz) = 2.5 ns were all chosen to be exact integer multiples of the clock period of the timing generator (Tektronix AWG 7122C), τ clock = 1/(12 GHz) = 0.083 ns. (The use of integer frequency sub-multiples effectively determined the exact value of B 0 used in our experiments; non-integer submultiples may be used if necessary, at the expense of introducing a series of discrete spectral artefacts into the synchronized readout spectrum.) The NV magnetometry pulse sequence (XY8-4 or XY8-6) was saved in the memory of the AWG and its output was gated by a TTL signal from a programmable pulse generator (Spincore PulseBlasterESR-PRO 500 MHz). The PulseBlaster gate determined the number of synchronized readout iterations per experiment n SR , resulting in a synchronized readout measurement duration of T = n SR τ SR . When detecting the NMR signals using CASR (in experiments shown in Figs 2, 3) , the pulse blaster also generated the TTL pulse for gating the proton-driving radio-frequency pulses. All FNP experiments used a single proton π /2 pulse at the start of the experiment (t = 0); the water echo experiment (Fig. 2c) used proton π pulses also at t = 40 ms and t = 120 ms. Each readout of the synchronized readout protocol was saved in a numerical array, giving a time series of length n SR . Individual time series were averaged N avg times to improve the signal-to-noise ratio. A summary of the synchronized readout parameters for each experiment described in the main text is as follows: glycerol FNP (Fig. 2a) , XY8-4 sub-sequences, τ SR = 24.06 μ s, n SR = 4 × 10 4 , T = 0.962 s, N avg = 7.5 × 10 4 ; glycerol FNP (Fig. 2b) , XY8-4 subsequences, τ SR = 24.06 μ s, n SR = 2 × 10 3 , T = 0.048 s, N avg = 5.8 × 10 4 ; glycerol FNP (Fig. 2c) , XY8-4 sub-sequences, τ SR = 24.06 μ s, n SR = 4 × 10 4 , T = 0.962 s, N avg = 7.5 × 10 4 ; water FNP (Fig. 2c) , XY8-4 sub-sequences, τ SR = 24.06 μ s, n SR = 8 × 10 4 , T = 1.925 s, N avg = 1.6 × 10 4 ; water echo ( Fig. 2c) , XY8-4 subsequences, τ SR = 24.06 μ s, n SR = 8 × 10 4 , T = 1.925 s, N avg = 2.0 × 10 4 ; molecule FNPs (Fig. 3a, b ), XY8-6 sub-sequences, τ SR = 24.06 μ s, n SR = 4 × 10 4 , T = 0.962 s, N avg = 3.4 × 10 4 ; molecule FNP (Fig. 3c ), XY8-6 sub-sequences, τ SR = 24.06 μ s, n SR = 4 × 10 4 , T = 0.962 s, N avg = 3.6 × 10 4 ; coil signal (Extended Data Fig. 6c ), XY8-4 sub-sequences, τ SR = 1.2 ms, n SR = 2.5 × 10 6 , T = 3,000 s, N avg = 1. For CASR-NMR measurements, the first 20 time-series data points, which coincided with the proton π /2 pulse plus approximately 50 times the coil ringdown time, were discarded from the recorded time-series data. After averaging in the time domain, the data were mean-subtracted and then Fourier transformed and fitted using MATLAB. Each spectrum was fitted to both Lorentzian and Gaussian line shapes, and the model with smaller residuals (the Lorentzian in all cases except that of Fig. 3b ) was selected for display. Unless otherwise speci-
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fied, all spectra shown in the figures are power spectra, calculated as the squared absolute value of the Fourier-transformed time-series data. (This differs from the convention of standard NMR, where spectra are typically presented as the real or imaginary part of the Fourier transform; the difference is accounted for in the form of the fit functions used.) Before squaring to obtain the power spectrum, the complex Fourier-transformed data were smoothed (boxcar convolution) using a square filter width of 1.0 Hz (Fig. 2c , spin echo), 1.5 Hz (Fig. 2c, FNPs) , 2.5 Hz (Fig. 3a, b) or 3.0 Hz (Fig. 3c) . When uncertainties are quoted for the spectral line width or the splitting parameters, they were estimated by repeating the full experiment (including all averages) and fitting procedure n ≥ 3 times, then calculating the sample standard deviation
over the ensemble of fitted parameters. Uncertainties reported are 1σ in every case. Electromagnet. The bias magnetic field B 0 was produced by an air-cooled electromagnet (Newport Instruments Type A). The pole pieces were cylindrical, 10 cm in diameter, with an adjustable gap set to 3 cm. The main coils (each 1,900 turns of copper strip, with room-temperature resistance R = 4.5 Ω ) were driven (Hewlett Packard HP 6274) with a continuous current of about 650 mA to produce a nominal field of B 0 ≈ 88 mT. We operated at B 0 ≤ 0.1 T to obtain a relatively low NV Larmor frequency f NV-Larmor = 400 MHz, at which inexpensive power amplifiers for generating NV drive pulses are readily available. The choice of B 0 = 88 mT enabled the NV and proton Larmor frequencies to be integer sub-multiples of the AWG clock frequency, as described in Methods section 'Synchronized readout protocol and data analysis' . A secondary coil pair (diameter, 10 cm; gap, 7 cm; 15 turns each) was manually wound around the poles to enable precise field stabilization without the need for very small adjustments to the main current supply. The secondary coils were driven by a voltage-controlled current supply (Thorlabs LDC205C), controlled by the analogue output channel of a DAQ (National Instruments PCI 6036E). Magnetic bias field stabilization. The static bias field B 0 generated by the electromagnet was stabilized actively using two feedback systems. On short time scales, the field stabilization relied on a secondary NV-diamond magnetometer performing continuous-wave ESR measurements. The secondary magnetometer was positioned between the electromagnet poles, approximately 1 cm away from the primary ensemble NV-NMR sensor (Extended Data Fig. 2 ). The continuous-wave ESR microwave-frequency modulation was locked to the main synchronized readout experiment using the same AWG (Tektronix AWG 7122C) to ensure that any cross-talk between the detectors was coherent over averages of the synchronized readout protocol and could be removed during data analysis. (This precaution proved unnecessary in most of the CASR NMR experiments because the continuous-wave ESR drive power was too weak to produce a measureable effect on the CASR sensor.) The excitation laser, light collection optics and microwave drive for the secondary experiment were all independent from those of the main synchronized readout magnetic resonance sensor. This enabled feedback control over magnetic-field fluctuations (primarily due to current noise in the main coils) with a bandwidth of about 12.5 Hz, resulting in short-term (around 30 min) field stability, σ B ≈ 15 nT (root-mean-square).
To correct slow drifts between the main magnetic resonance sensor and the secondary field-stabilization sensor, we paused the synchronized readout protocol between averages periodically (every 5 min) and performed pulsed ESR measurements on the primary NV-diamond sensor. Any measured magnetic-field drifts were used to correct the set-point of the fast feedback loop to ensure longterm (about 50 h) stability, σ B ≈ 23 nT (root-mean-square). We therefore conclude that residual B 0 fluctuations limit the observed proton NMR line width to approximately Γ ≈ 2[2ln(2)] 1/2 × 23 nT × 42.58 MHz T −1 = 2.3 Hz (FWHM). All continuous-wave ESR measurements were carried out using both the | m s = 0〉 → | m s = − 1〉 and the | m s = 0〉 → | m s = + 1〉 transitions of the aligned NV centres, to distinguish resonance shifts due to changes in temperature 31 and magnetic field. For fast-feedback measurements on the secondary fieldstabilization sensor, we monitored only four discrete optically detected magnetic resonance (ODMR) frequencies to maximize bandwidth. This system was potentially susceptible to second-order feedback errors associated with simultaneous changes in B 0 and temperature. We therefore anchored the secondary field-stabilization sensor thermally to a piece of black-anodized aluminium and stabilized its temperature actively using absorption from a separate DPSS laser (Thorlabs DJ532-40). Temperature control was not required for slow feedback on the main magnetic resonance sensor, where we acquired a full ODMR spectrum (58 frequency points) to fully account for all drifts in magnetic field, temperature and optical contrast. NMR drive coils. Radio-frequency pulses for driving sample proton spins were produced by a pair of cylindrical coils wound around the sample cuvette. This geometry, with 1.1-cm coil diameter and 1.2-cm centre-to-centre spacing, provided a combination of strong drive fields and convenient optical access to the NV-ensemble sensor. The coils were 22 turns each, connected in series and coupled to the current source (Rigol DG 1032) with a standard network of variable matching and coupling capacitors 32 . After tuning, the resonance frequency was 3.75 MHz and the quality factor (Q) of the coil was 140. Driving the coils on resonance, we obtained a maximum nuclear-spin Rabi frequency of f Ω,nuc ≈ 8 kHz. NMR samples. Deionized water was obtained from Ricca Chemical Company (part number 9150-5). p-xylene, glycerol, trimethyl phosphate and ethyl formate were purchased from Sigma Aldrich (catalogue numbers 296333, G9012, 241024 and 112682, respectively) and used without dilution or modification. The glycerol sample may have contained some atmospherically absorbed water (less than 20% by volume).
Comparison between CASR and microcoils. We compared the sensitivity and measurement volume of NV-NMR sensing using CASR with recently demonstrated micrometre-scale inductive detectors (Extended Data Fig. 8 ). The comparison was based primarily on data from a review of microscale detectors 33 , with the addition of two more recent results 25, 34 . We excluded data points from the review that correspond to demonstrations of magnetic resonance imaging; only measurements of multi-component spectra were included. Sensitivities for the inductive detectors were extrapolated to a common bias field of B 0 = 14.1 T. Data availability. The data that support the findings of this study are available from the corresponding author on reasonable request. Source Data for Figs 2 and 3 are available with the online version of the paper. 
